A Ni -Fe alloy (Ni 3.8 Fe 0.1 Co 0.1 ) was found in olivine -poor gabbro recovered from the Integrated Ocean Drilling Program (IODP) Hole U1309D, Atlantis Massif, 30°N on the Mid -Atlantic Ridge. Ni -Fe alloys are one of the unique minerals formed during serpentinization; however, our finding establishes that Ni -Fe alloys are also formed in the gabbroic crust possibly associated with extremely reduced magmatic fluids. The occurrence of the Ni -Fe alloy suggests that oceanic lower -crustal gabbros as well as serpentinites may be potential reservoirs of abiogenic CH 4 .
INTRODUCTION
Ni -Fe alloys are one of the unusual minerals found in serpentinites and are formed in association with CH 4 -bearing reduced fluids generated during serpentinization (e.g., Frost, 1985) . CH 4 -bearing reducing fluids have been also found in oceanic lower -crustal gabbros (e.g., Kelley and Früh -Green, 1999) ; however, Ni -Fe alloys have never been found in gabbros. In this paper, we report on a Ni -Fe alloy found in olivine -poor gabbro recovered from the Integrated Ocean Drilling Program (IODP) Hole U1309D, Atlantis Massif, Mid -Atlantic Ridge (MAR). Our finding provides petrological evidence of the presence of reducing high -temperature fluids in the oceanic lower -crustal gabbros.
OUTLINE OF GEOLOGY OF THE ATLANTIS MASSIF
Hole U1309D was drilled on the Atlantis Massif, 30°N on the MAR, during IODP Expeditions 304/305 (Blackman et al., 2006; Fig. 1) . This part of the oceanic crust was formed around 1.08 -1.28 Ma (Grimes et al., 2008) beneath the slow -spreading MAR. The Atlantis Massif, located at the inside corner of the intersection of the MAR axis and the Atlantis Transform Fault, is a typical oceanic core complex (Ildefonse et al., 2007) . Rocks recovered from the 1415.5 -m -long Hole U1309D mainly included gabbroic rocks (troctolites, olivine gabbros, gabbros, gabbronorites, and oxide gabbros); very minor amounts of mantle peridotites were also recovered (Blackman et al., 2006) . The Lost City hydrothermal field is located approximately 5 km south of Hole U1309D (e.g., Kelley et al., 2005 ; Fig. 1 ).
ANALYTICAL PROCEDURES
Detailed observations and semiquantitative analyses of minerals were carried out by using a scanning electron microscope (JEOL JSM -5310, Hokkaido University) with energy -dispersive spectrometers (EDSs). Analyses were carried out at an accelerating potential of 15 kV, a beam current of the order of 0.1 nA, a counting time of 180 s, a counting rate of 2.0 kcps, and a beam size of 3 µm. A ZAF procedure was used for data reduction. Quantitative analyses were carried out by using an electron microprobe (JEOL -733, Hokkaido University) with wavelength -dispersive spectrometers (WDSs) at an accelerating potential of 15 kV, a beam current of 20 nA, and a spot size of 10 µm. Natural and synthetic standards and a ZAF procedure were used for calibration and data reduction, respectively.
PETROGRAPHY AND ANALYTICAL RESULTS
A thin section-U1309D -165R -1 (50 -56 cm)-of Hole U1309D located 804.3 m below seafloor (mbsf) is analyzed in this study. This thin section includes a boundary between microgabbronorite and gabbro, as shown in Figure A tiny grain of the Ni -Fe alloy, which had an irregular triangular outline and was ~ 10 × 20 µm in size, was found in a large oikocryst of clinopyroxene in the gabbro . Figure 3 shows the EDS spectrum of the grain of the Ni -Fe alloy found in the gabbro; the chemical composition of the alloy is listed in Table 1 . After the EDS analysis of the grain was completed, we tried to carry out microprobe analysis with WDS; however, it was not successful because the grain size of the Ni -Fe alloy was extremely small. Nevertheless, the EDS spectrum and semiquantitative analysis clearly indicate that the grain is that of a Ni -Fe alloy; the grain is characterized by extremely high Ni abundance: Ni wt% = 95.6, Fe wt% = 1.5, and Co wt% = 3.0.
The grain of the Ni -Fe alloy occurs in a vein that penetrates the oikocrystic clinopyroxene (Figs. 2b -2e). The vein is 0.3 -0.6 mm in width and extends at least 10 mm as far as observed in the thin section. The vein is primarily composed of secondary clinopyroxene that replaces the primary clinopyroxene and a discontinuous alignment of a lenticular -shaped secondary plagioclase along its center (Figs. 2b and 2c). Blebs of orthopyroxene and spots of brown amphibole are also observed in the secondary clinopyroxene. The secondary clinopyroxenes are distinguished from the magmatic ones by a slight difference in the interference color under crossed polars, although no clear boundary exists. As compared to primary clinopyroxenes, the secondary ones are richer in Ca and poorer in Al (Maeda et al., 2002) . Tiny grains of apatite, chalcopyrite, and pyrite occurred very rarely in association with the secondary plagioclase. Extensions of the vein into the primary plagioclase are represented by a less calcic secondary plagioclase with irregular and diffuse boundaries (Fig. 2c) . The temperatures of the secondary clinopyroxene, bleb orthopyroxene, brown amphibole, and secondary plagioclase measured by pyroxene and amphibole -plagioclase geothermometers (Anderson et al., 1993; Holland and Blundy, 1994) are in the range of ~ 1000 -800 °C. The abovementioned features are exactly the same as those of the high -temperature microscopic veins described by Maeda et al. (2002) ; these veins are located in the lower -crustal gabbros of ODP Hole 735B, Southwest Indian Ridge (SWIR). An "interfingering" tex- ture, which is formed by interpenetrating and interlocking contacts between two grains of clinopyroxene and is closely accompanied by the high -temperature microscopic veins (Maeda et al., 2002) , is also observed in the clinopyroxene oikocryst. Maeda et al. (2002) established that the high -temperature microscopic veins in the gab- bros in Hole 735B were formed due to fluid migration during magmatic -hydrothermal transition in the temperature range of ~ 1000 -650 °C.
DISCUSSION
The occurrence of the Ni -Fe alloy within the metasomatized clinopyroxene (Figs. 2b and 2c) indicates the existence of a genetic relationship between the metasomatic veins and the Ni -Fe alloy. Petrographic observations strongly suggest that these veins are not ordinary veins solidified from penetrating silicate melts but are imprints left along the pathways of metasomatic fluids in primary host minerals (Maeda et al., 2002 (Alt and Shanks, 2003; Luguet et al., 2003) , ODP Hole 1274A (Alt et al., 2007; Seyler et al., 2007) , and TAG hydrothermal field (Dekov, 2006) on the MAR. The formation of the Ni -Fe alloy during serpentinization can be explained as follows (e.g., Chamberlain et al., 1965; Filippidis, 1985) : (1) Beard et al. (2009) reported the formation of a Ni -Fe alloy during serpentinization of olivine -rich rocks (olivine -rich troctolite suite including dunitic and wehrlitic rocks, Blackman et al., 2006) at 1095 mbsf in Hole U1309D. This formation can be explained by the abovementioned steps. However, serpentinization is not a plausible mechanism to explain the formation of the Ni -Fe alloy reported in this paper because this alloy is found in olivine -poor gabbro with no signs of serpentinization and no serpentinized interval is observed close to the gabbro.
Although a reducing condition is a requisite for the formation of a Ni -Fe alloy, such a condition is not restricted to serpentinization. Kelley (1997) and Kelley and Früh -Green (1999) detected the presence of CH 4 -bearing reducing magmatic fluids in the lower -crustal gabbros in the MARK area, MAR, and in Hole 735B, SWIR. CH 4 -bearing magmatic fluids were also detected in the Bushveld and Skaergaard gabbroic intrusions (Ballhaus and Stumpfl, 1986; Larsen et al., 1992) . The formation of NiFe alloys associated with such reducing magmatic fluids in gabbroic rocks has been expected (Kelley et al., 2002) ; however, it has not yet been observed. Kelley and Früh -Green (2001) found that the CH 4 -bearing magmatic fluids at Hole 735B are formed after devolatilization, respeciation of magmatic CO 2 , attendant graphite precipitation, and cooling from 800 °C to 500 °C. Larsen et al. (1992) stated that the CH 4 -bearing fluids in the Skaergaard intrusion were derived from intercumulus melts at temperatures higher than 770 -655 °C. These temperatures are considerably higher than those at which serpentinization occurs (lower than 400 -300 °C, e.g., Früh - Green et al., 2004) . Maeda et al. (2002) established that the penetration of metasomatic fluids in the gabbros of Hole 735B and Hole U1309D predated the complete solidification of the gabbro. As mentioned above, the mode of occurrence of the Ni -Fe alloy reported in this paper suggests a close relationship between the formation of the Ni -Fe alloy and the vein metasomatism. Thus, the metasomatic fluids in the gabbros from the holes 735B and U1309D may substantially coincide with, or at least be related to, the CH 4 -bearing magmatic fluids separated from evolved intercumulus or interstitial melts (Larsen et al., 1992; Kelley and Früh -Green, 2001 ). Further discussion on the genetic relationship between the CH 4 -bearing fluids and the metasomatic fluids is beyond the scope of this paper and will be described in a separate paper.
The Ni -Fe alloy reported in this paper may be formed by desulfurization of a primary Ni -bearing sulfide such as pentlandite (e.g., Alt et al., 2007) . However, this reducing condition may not be pervasive and cannot be maintained for long periods because of the exceptionally rare occurrence of Ni -Fe alloys and the presence of pyrite, possibly of secondary origin, in the same gabbro. On the whole, our detection of Ni -Fe alloys in gabbros yields mineralogical evidence that confirms the occurrence of extremely reduced fluids and the resultant formation of a Ni -Fe alloy in the lower -crustal gabbros.
As is well known, abiogenic CH 4 is formed from H 2 and C (or CO 2 ) through Fischer -Tropsch -type reactions, C + 2H 2 = CH 4 and CO 2 + 4H 2 = CH 4 + 2H 2 O. Horita and Berndt (1999) confirmed that Ni -Fe alloys effectively catalyze the extremely sluggish formation of CH 4 . Thus, NiFe alloys may be closely linked to the presence of abio-genic CH 4 . The occurrence of the Ni -Fe alloy in the lower -crustal gabbros suggests that the oceanic crust might be a potential reservoir of abiogenic CH 4 . However, whether the reducing condition that results in the formation of Ni -Fe alloys is common in the lower -oceanic crust can only be ascertained after further observations.
CONCLUSIONS
A Ni -Fe alloy (Ni 3.8 Fe 0.1 Co 0.1 ) has been found in an olivine -poor gabbro recovered from IODP Hole U1309D, Atlantis Massif, 30°N on the MAR. The close association of the Ni -Fe alloy with high -temperature metasomatism and no signs of serpentinization and low -temperature alteration suggest that the Ni -Fe alloy was formed due to the penetration of a reducing fluid of magmatic origin, possibly through the desulfurization of a primary sulfide. Our finding demonstrates that extremely reduced fluids are present in the lower -crustal gabbros as well as in serpentinites. The occurrence of the Ni -Fe alloy reported in this paper suggests that the oceanic crust may be a potential reservoir of abiogenic CH 4 .
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